T he t→a transversion at position 1799 of BRAF (BRAF V600E) is present in approximately 50% of patients with metastatic melanoma. 1,2 BRAF V600E induces constitutive signaling through the mitogen-activated protein kinase (MAPK) pathway, stimulating cancer-cell proliferation and survival. 2 The clinical development of inhibitors of oncogenic BRAF, termed type I BRAF inhibitors, which block the active conformation of the BRAF kinase, has led to a high rate of objective tumor responses and improvement in overall survival, as compared with standard chemotherapy. [3] [4] [5] However, nonmelanoma skin cancers -well-differentiated cutaneous squamous-cell carcinomas and keratoacanthomas -have developed in approximately 15 to 30% of patients treated with type I BRAF inhibitors such as vemurafenib and dabrafenib (GSK-2118436). 3, 4, 6 The antitumor activity of vemurafenib against BRAF V600E-mutant cells in cell cultures, animal models, and humans is associated with the inhibition of oncogenic MAPK signaling, as evidenced by the inhibition of phosphorylated ERK (pERK), a downstream effector of BRAF that is active when phosphorylated. 3, [7] [8] [9] [10] [11] However, BRAF inhibitors induce the opposite effect -that is, increasing pERK in cell lines with wild-type BRAF that harbor upstream pathway activation such as oncogenic RAS or up-regulated receptor tyrosine kinases. [12] [13] [14] This RAF inhibitor-dependent activation of MAPK signaling in BRAF wild-type cells is termed paradoxical MAPK-pathway activation 15 and is driven by the formation of RAF dimers that lead to signaling through CRAF and consequently MAPK-pathway hyperactivation. [12] [13] [14] Studies modeling cutaneous squamous-cell carcinomas and keratoacanthomas in mice suggest that these tumors develop from a multistep process whereby an initial carcinogenic event (carcinogenesis inducer), driven by a chemical carcinogen or ultraviolet-light exposure, is followed by a tumor-promoting event. 16 The initiating event in the commonly used two-stage skin carcinogenesis model is an oncogenic driver mutation in RAS, preferentially in HRAS. 17, 18 In humans, sporadic, well-differentiated cutaneous squamous-cell carcinomas and keratoacanthomas harbor HRAS mutations at a frequency of 3 to 30%, 19, 20 which is less frequent than in the mouse model. In some of these lesions in humans, receptor tyrosine kinases such as the epidermal growth factor receptor (EGFR) 19 are hyperactive, which would also activate RAS and consequently MAPK signaling. Other reported oncogenic events in these lesions in humans include frequent mutations or deletions in TP53 21, 22 and the cell-cycle control gene CDKN2A.
Me thods

Patients and Lesion Samples
Patients participated in the vemurafenib phase 1 dose-escalation study (ClinicalTrials.gov number, NCT00405587), the phase 2 study (NCT00949702), the phase 3 study (NCT01006980), or the drugdrug interaction study (NCT01001299). All patients had BRAF V600-mutant metastatic melanoma and received 720 or 960 mg of vemurafenib orally twice a day. Patients provided written informed consent for molecular analyses of the skin-cancer lesions excised during dermatologic examinations while they were in the study.
Molecular Analyses of Tumor Specimens
DNA extracted from the tumor specimens was sequenced for HRAS (exons 1 and 2), NRAS (exons 1 and 2), KRAS (exons 1 and 2), and CDKN2A (exon 2) with the use of polymerase-chain-reaction (PCR) amplification. (For primers, see Tables 1 and 2 in the Supplementary Appendix, available with the full text of this article at NEJM.org.) This was followed by Sanger sequencing 23 (see the Methods section in the Supplementary Appendix). Singlebase substitutions or deletions in TP53 exons 2 through 11 were analyzed with the use of an investigational AmpliChip p53 Test (Roche Molecular Systems), according to the manufacturer's instructions. ERK phosphorylation was assessed by means of immunohistochemical analysis.
Cellular Analyses of the Interaction between Mutant HRAS and BRAF Inhibitors
The HRAS-mutant B9 murine cutaneous squamouscell carcinoma cell line was seeded in soft agar with vemurafenib, with the analogue tool compound PLX4720 (both from Plexxikon), or with dimethylsulfoxide (Sigma-Aldrich) vehicle control, for studies of anchorage-independent clonal growth, as described previously. 11 A431 human squamous-cell carcinoma cells (ATCC) either were transfected with empty vector or a plasmid carrying HRAS Q61L with the use of Fugene 6 (Roche Molecular Systems), according to the manufacturer's instructions, or were stably transduced with a control or HRAS Q61L lentiviral vector, as described previ-ously. 24 Cells were analyzed for proliferation after vemurafenib exposure by means of cell-viability counts or MTT or MTS assays, as described previously. 9, 11, 25 NIH3T3 cells (ATCC) were transfected with empty vector or an HRAS Q61L plasmid with the use of Fugene 6 and analyzed for colony formation in a soft agar. 11 Western blotting was performed as described previously. 9, 11, 25 At least two independent experiments were performed in triplicate with the use of each model.
Analysis of Gene Expression
B9 cells were plated in dimethylsulfoxide control or 1 μM of vemurafenib or PLX4720 and incubated for 16 hours. Cells were harvested, total RNA was isolated (RNeasy Mini Kit, Qiagen), and gene expression was measured with the use of Affymetrix Mouse 420 2.0 array chips, according to the manufacturer's instructions. Vemurafenib and PLX4720 response genes were identified as those that changed by a factor of more than 2 (up-regulated) or less than 0.5 (down-regulated) relative to controls. The gene patterns of the B9 cells were compared with MAPK-pathway output genes from five human melanoma cell lines, 7 and differential gene expression was confirmed by PCR assay.
Studies in Mice
The procedures in animals were performed in accordance with local animal ethics committees. The two-stage skin carcinogenesis procedures were essentially those that have been described previously, 16 
Study Oversight
Data generated and collected by the study investigators were analyzed by the senior academic and industry authors, who vouch for the completeness and accuracy of the analyses and reported results. The clinical protocol summaries for the four trials are available at NEJM.org.
Statistical Analysis
Results of mutation testing in the initial 21 specimens of cutaneous squamous-cell carcinoma lesions of the keratoadenoma subtype and in 14 independent validation specimens are presented as mutation frequencies with 95% confidence intervals. Statistical analysis of gene-expression profiling was performed with the use of the z-test and chi-square analysis with Yates' correction. Analysis of the cell-line culture experiments was performed with the use of Student's t-test and a two-way analysis of variance with a Bonferroni post-test analysis. In the studies of mice, analysis of variance was performed with the use of the KruskalWallis test.
R e sult s
Characteristics of the Patients and Lesions
As part of the dermatopathological review of vemurafenib-treated patients, 21 centrally confirmed samples of cutaneous squamous-cell carcinoma or keratoacanthoma obtained from 11 patients with metastatic melanoma were analyzed (Table 3A in the Supplementary Appendix). A validation set of 14 samples from 12 vemurafenib-treated patients was subsequently analyzed to confirm the high frequency of RAS mutations (Table 3B in the Supplementary Appendix). Overall, the mean time to diagnosis of the first cutaneous squamous-cell carcinoma or keratoacanthoma in the combined series was 10 weeks, with the earliest lesion appearing at 3 weeks (Table 4 in the Supplementary Appendix). The mean age at diagnosis was 60 years (range, 44 to 84). Eighteen of the 23 patients (78%) had a history and clinical signs of chronically sun-damaged skin, and 4 (17%) had a history of cutaneous squamous-cell carcinomas or keratoacanthomas. The lesions were widely distributed, with 34% on the head and neck areas, 23% on the torso, and 43% on the extremities. Twentytwo lesions (63%) were characterized as keratoacanthomas ( Fig. 1 , and Fig. 1 in the Supplementary Appendix), and 13 (37%) were cutaneous squamous-cell carcinomas.
Gene Mutations and ERK Activation in Lesion Specimens
In the initial cohort of 21 centrally analyzed samples, there were 14 mutations in hotspot codons (12, 13, had TP53 mutations that change amino acids in the p53 protein (Table 3A in the Supplementary Appendix). One sample had an intronic mutation in TP53, and for 3 samples (all from Patient 4), no results were obtained. No mutations were identified in exon 2 of CDKN2A. ERK phosphorylation was assessed in 10 cutaneous squamous-cell carcinomas or keratoacanthomas and the surrounding normal epithelia and was found to be higher in these lesions than in the normal epidermis ( Fig. 2A and 2B in the Supplementary Appendix).
In the validation set, RAS mutations were noted in 8 of 14 samples (57%; 95% CI, 29 to 82): 4 in HRAS and 4 in KRAS (Table 3B in the Supplementary Appendix). In the 4 samples with sufficient surrounding normal skin to perform RAS mutational analyses, no mutations were detected (Table 3B and Fig. 2C and 2D in the Supplementary Appendix). Staining for pERK, which was performed in 3 of the 4 samples, was more extensive in the cells of the lesions than in those of the surrounding normal skin (Fig. 2) . Thus, RAS mutations were noted in 60% of the combined series, and HRAS Q61L was the most frequent mutation, so oncogenic HRAS was selected for preclinical mechanistic investigations.
Effects of BRAF Inhibitors on Cells Harboring HRAS Mutations
Paradoxical Increase in MAPK Signaling and Proliferation of Cells Harboring Mutated HRAS
To investigate the effects of BRAF inhibitors on HRAS mutations in cutaneous squamous-cell carcinomas, we used the murine cell line B9, which harbors the HRAS Q61L mutation. 27 Exposure of B9 cells to vemurafenib or its analogue PLX4720 stimulated cell proliferation in soft agar (Fig. 3A) . To analyze the underlying mechanism, we compared gene-expression profiles of B9 cells before and after they were exposed to vemurafenib (two independent replicates) or PLX4720. An assessment that included a total of 306 gene probes (representing 250 genes) suggested a shared trend in treatmentinduced changes in gene expression that included well-characterized MAPK-pathway genes (Spry2, Dusp6, Fos, Fos11, and Egr1) (P<0.001 by z-test of the three data sets) (Fig. 3A in the Supplementary Appendix). Supervised analysis of these changes in the B9 cells exposed to vemurafenib and PLX4720 revealed a change by a factor of two in nine murine homologues of genes that were differentially expressed when BRAF was inhibited in human melanoma cells expressing the BRAF V600E mutation (P<0.001 by z-test). 7 Because of the different cell lineages in these two studies, this overlap is significant (P<0.001 by chi-square analysis with Yates' correction, two-tailed test). For these nine genes, the change in B9 cells was the opposite of the change in the gene signature observed in the human BRAF V600E melanoma cells (Fig. 3B ) (see Fig. 3B in the Supplementary Appendix for confirmation with the use of the reverse-transcriptase PCR assay), suggesting that the proliferation stimulated by the BRAF inhibitor results from paradoxically increased MAPK-pathway transcriptional effects in cells with mutant HRAS.
To further investigate the functional role of the most prevalent mutation, HRAS Q61L was expressed in the human squamous-cell carcinoma cell line A431, which already harbors an amplified EGFR but has wild-type RAS. Exposure to vemurafenib induced modest proliferation in A431 cells transfected with a control plasmid vector. In A431 cells expressing HRAS Q61L with the use of plasmid transfection, 1 to 3 μM of vemurafenib stimulated cell proliferation, whereas higher concentrations decreased proliferation ( Fig. 4A and 4B in the Supplementary Appendix). Similar data were obtained with the expression of HRAS Q61L in A431 cells with the use of lentiviral transduction (Fig.  4C in the Supplementary Appendix). Western blot analysis showed a dose-dependent increase in pERK that was most notable at 24 hours, with a minimal effect on the parallel phosphatidylinositol 3-kinase (PI3K)-AKT signaling pathway (Fig.  5A in the Supplementary Appendix).
Since amplification of EGFR in A431 cells may interfere with the effects of vemurafenib on cells expressing oncogenic HRAS, we studied the interaction between HRAS Q61L and vemurafenib in NIH3T3 cells, an immortalized fibroblast cell line with wild-type RAS and without EGFR amplification. Cells transfected with the use of a control vector did not form colonies; when cells were transfected with HRAS Q61L, the size of the colonies increased in a dose-dependent fashion (Fig. 5B in the Supplementary Appendix), with an increase in pERK, after exposure to vemurafenib (Fig. 3C) .
These three in vitro models show that vemurafenib stimulates proliferation in cells with mutated HRAS Q61L through paradoxical activation of the MAPK pathway, evidenced by increased ERK phosphorylation and increased expression of ERKregulated genes.
PLX4720 and Reduced Tumor Latency in a Mouse Model of Skin Carcinogenesis
To model the in vivo effects of BRAF inhibition in cutaneous squamous-cell carcinomas and keratoacanthomas, we used the two-stage skin carcinogenesis mouse model in which topical application of the carcinogen 7,12-dimethylbenz-(a)anthracene (DMBA) induces HRAS Q61L mutations in mouse keratinocytes. 17 Subsequent application of the tumor promoter 12-O-tetradecanoyl-phorbol-13-acetate (TPA) then induces these lesions. 17 In mice that received DMBA and TPA along with PLX4720, the appearance of these lesions was mark edly accelerated, as compared with the mice given DMBA and TPA alone (Fig. 4) . The addition of PLX4720 did not increase the number of lesions induced by DMBA and TPA, but it reduced tumor latency by 45% and reduced the interval between the initial development of lesions and the maximal tumor burden by 35% (P = 0.002 by the KruskalWallis test). The lesions arising in the mice given DMBA and TPA alone and in those given DMBA, TPA, and PLX4720 were clinically and histologically similar, consistent with keratoacanthomas and well-differentiated invasive cutaneous squamous-cell carcinomas, and the lesions in both groups of mice had the HRAS Q61L mutation (Fig. 6 in the Supplementary Appendix). Mice given the combination of DMBA and PLX4720 alone had no visible or palpable tumors (Fig. 4) . For these studies, the analogue compound was used in preference to vemurafenib because it had excellent oral bioavailability in mice, whereas the available formulation of vemurafenib had poor bioavailability when delivered by either the oral or the intravenous route (data not shown). Immunohistochemical staining for pERK (brown) of samples of normal adjacent skin (left) and of cutaneous squamous-cell carcinomas (right) is shown from two patients in the validation set who were treated with vemurafenib. In these patients, both of whom had KRAS G12 mutations, the lesions were diagnosed as well-differentiated squamous-cell carcinomas that appeared 87 days (Panel A) and 51 days (Panel B) after vemurafenib therapy was begun.
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vation by PLX4720 (Fig. 7A and 7B in the Supplementary Appendix). In the mouse model, PD184352 administration suppressed tumor development by 91% in mice given DMBA, TPA, and PLX4720 (Fig. 4) but did not mediate tumor remission in mice with established tumors (Fig. 7C in the Supplementary Appendix).
Discussion
RAS was the first oncogene discovered in which point mutations led to cellular transformation. 29 Although RAS mutations alone typically result in cellular senescence, in conjunction with other events that alter control of the cell cycle and apoptosis, they induce cellular transformation. 30 Mutant RAS functions as a driver oncogene in approximately one third of human cancers. 31 The prevalence of RAS mutations in sporadic cases of cutaneous squamous-cell carcinomas or keratoacanthomas is not known for sure but reportedly ranges between 3 and 30%. 19, 20 Our data indicate that RAS mutations are present in approximately 60% of cases in patients treated with vemurafenib, suggesting that preexisting mutations may confer a predisposition to the development of squamous-cell carcinomas or keratoacanthomas.
Results of research on the paradoxical activation of MAPK by RAF inhibitors predicts that upstream oncogenic events, either activating mutations in RAS or mutations or amplifications in receptor tyrosine kinases that strongly elevate levels of the RAS-guanosine triphosphate complex in the absence of a BRAF V600E mutation, would potentiate signaling through the MAPK pathway. [12] [13] [14] Our functional studies showing HRAS-primed activation of the MAPK pathway in models of squamous-cell carcinoma treated with BRAF inhibitors provide evidence that the toxicity related to BRAF inhibition may arise from paradoxical MAPK-pathway activation. Recent studies have shown that vemurafenib resistance can be mediated by receptor tyrosine kinases such as the platelet-derived growth factor and insulinlike growth factor 1 receptors. 32, 33 Preexisting amplification of the EGFR gene in the A431 cell-line model also resulted in paradoxical MAPK-pathway signaling in functional assays, although at a lower level than that driven by oncogenic HRAS. These data from in vitro models suggest that similar mutations or amplifications of receptor tyrosine kinases may account for the development of cutaneous squamous-cell carcinomas and keratoacanthomas in the 40% of samples in our combined series in which no RAS mutations were found. The timing of the appearance of these lesions after vemurafenib treatment is decidedly different from that of secondary cancers associated with cytotoxic chemotherapy. In the case of vemurafenib, the lesions tend to appear within the first few weeks after the start of therapy, whereas cancers that are due to the genotoxic effects of chemotherapy develop years after exposure. The specificity of vemurafenib for a limited number of kinases, 8, 10 along with our finding that RAS mutations occur frequently in lesions arising preferentially in sun-damaged skin, suggests that vemurafenib may not have direct carcinogenic effects but instead may potentiate preexisting initiating oncogenic events.
In the skin carcinogenesis model, the BRAF inhibitor PLX4720 drove paradoxical activation of the MAPK pathway and proliferation of HRAS Q61L-transformed keratinocytes, with decreased latency and accelerated growth of cutaneous squamouscell carcinomas and keratoacanthomas. PLX4720 was not itself a true tumor promoter because it could not substitute for TPA. Instead, PLX4720 accelerated the growth of preexisting RAS-mutant lesions. Taken together with the clinical observations and functional analyses, our data provide circumstantial evidence to suggest that vemurafenib does not initiate tumorigenesis but rather accelerates the progression of preexisting subclinical cancerous lesions with strong upstream MAPKsignaling potential. These findings explain why the lesions generally develop early after vemurafenib treatment and only in a subset of patients.
In conclusion, our data provide a molecular mechanism for the development of clinical toxicity that is the opposite of what would be expected from a targeted oncogene inhibitor. This mechanism accounts for the development of cutaneous squamous-cell carcinomas and keratoacanthomas, notably of the skin, but it is not clear whether it is relevant to the development of squamous-cell carcinomas in other organs. Our findings support the caution against investigating single-agent type I BRAF inhibitors in patients with cancers driven by RAS or by activated receptor tyrosine kinases. The discovery that the development of these lesions is driven by RAS and by MAPK in patients receiving BRAF inhibitors, as well as the effects noted in the animal model, point to the usefulness of combining a BRAF inhibitor with a MEK inhibitor to prevent this toxic effect 34 and make way for the clinical development of a new generation of BRAF inhibitors selected to avoid paradoxical MAPK-pathway activation.
